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The r o l e  o f  the hippocampus i n  mechanisms o f  a t t e n t i o n  and learning 

has s lawly  unfolded i n  recent years. Evidence has accrued tha t  i t  i s  

i n t r i n s i c a l l y  concerned i n  both acqu is i t i on  and subsequent a b i l i t y  t o  

perform learned habi ts  requ i r i ng  d iscr iminat ive funct ions o f  a h igh order, 

as suggested by Pribram and M i s h k i n  (1955). A t  the same time, however, i t  

has becane apparent t h a t  the hippocampus does not f unc t i on  i n  these mechan- 

isms independently of  subcor t ica l  zones, w i t h  which i t  i s  profoundly i n te r -  

connected, nor does i t  appear t o  be the reposi tory  o f  memory traces i n  the 

sense of a bank or s to re  of such engrams. Through i t s  connections w i t h  the 

diencephalon and more caudal brainstem, i t  appears t o  influence, and t o  be 

inf luenced by, a c t i v i t y  in  sensory systems; and t o  be responsible f o r  the 

establishment i n  these extrahippocampal s t ructures o f  the physiologica 

"set" t h a t  i s  r e q u i s i t e  for storage of  informat ion therein. I t  i s  a 

chal lenging notion t h a t  these systems may transact informat ion wi thout  

a b i l i t y  t o  e f f e c t  i t s  storage in  the absence o f  appropr iate i n t e r r e l a t  

w i t h  the hippocampal system. 

the 

ons 

The c l a s s i c a l  t r i n i t y  o f  ablat ion,  s t imu la t i on  and e lect rophys io log ica l  

recording have each played a p a r t  in  the s t i l l  incomplete p i c t u r e  of 

hippocampal funct ion.  During behavioral t r a i n i n g  we have noted increased 

r e g u l a r i t y  o f  pa t te rn  i n  both hippocampal and mesencephalic EEG records 

w i t h  attainment o f  h igh  performance l e v e l s  i n  v isual  d i sc r im ina t i ve  tasks 

(Adey, Walter and Hendrix, 1961; Adey and Walter, 1963), and have seen a 

v a r i e t y  o f  complex patterns o f  condi t ional  f i r i n g  appear i n  r o s t r a l  mid- 

b r a i n  and thalamic u n i t s  during c lass i ca l  condi t ion ing and e x t i n c t i o n  

(Kamikawa, Mc l  lwain and Adey, 1964). 

I n  f u r t h e r  studies o f  the r o l e  o f  the hippocampus in  learning, we 
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have examined both int imate aspects o f  i t s  i n t r i n s i c  e l e c t r i c a l  a c t i v i t y  

(Porter, Adey and Brown, 

structures.  

ments f o r  changing t issue s tates i n  the hippocampus, as w e l l  as i n  the 

amygdala and midbrain r e t i c u l a r  formation, i n  the course o f  behavioral 

t r a i n i n g  w i t h  separate a le r t i ng ,  o r i en t i ng  and d i sc r im ina t i ve  s t imu l i .  

have sought d i f f e r e n t i a l  regional  responses r e l a t i n g  t o  these s t i m u l i  a t  

d i f f e ren t  leve ls  o f  t r a i n i n g  and i n  cue reversals w i t h  re t ra in ing .  

f i nd ings  have f u r t h e r  supported the view t h a t  impedance changes so evoked 

r e l a t e  t o  the process o f  information storage i n  the t issue, ra ther  than t o  

nonspecif ic aspects o f  t o t a l  t issue a c t i v i t y ,  as suggested by Jasper (1965). 

The re la t i onsh ip  o f  impedance responses t o  normal neuronal content o f  the 

t issue, and d i f f e r e n t i a l  e f fec ts  of modif icat ions in  ion i c  environments 

w i l l  a l s o  be discussed. 

1. Reqional aspects o f  intrahippocampal e l e c t r i c a l  a c t i v i t y ;  e f f e c t s  o f  

and simultaneous r e l a t i o n s  w i t h  other b r a i n  

We have a l s o  sought evidence by the use o f  impedance measure- 

We 

The 

small e l e c t r o l y t i c  lesions. 

E l e c t r i c a l  a c t i v i t y  i n  hippocampal t issue o f  such mammals as r a t  

(Bremner, 1964). r a b b i t  (Jung and Kornmul l e r ,  1338) and ca t  (Adey, Dunlop 

and Hendrix, 1960; Grastyan, 1959) dur ing a t t e n t i v e  behavior has been 

characterized by regular wave t r a i n s  a t  4 t o  7 cycles per second ("theta" 

a c t i v i t y ) .  

sharp regional  d i f ferences e x i s t  within the hippocampus i n  the d i s t r i b u t i o n  

o f  theta a c t i v i t y  as a concomitant o f  a l e r t e d  behavior, and i n  o r i e n t i n g  

and d iscr iminat ive responses (Porter, Adey and Brown, 1964; RadulovaEki 

and Adey, 1965). 

Recent studies have emphasized, hcwever, t ha t  even i n  the cat,  

Our studies of b ipo la r  records from transverse arrays o f  ch ron ica l l y  



implanted electrodes in  the c a t ' s  dorsal hippocampus c l e a r l y  indicated t h a t  

the mere aspect of an a l e r t e d  state, wi thout  e i t h e r  gross o r i e n t i n g  behavior, 

o r  the imposit ion of a d iscr iminat ive performance, was uni formly accompanied 

by a r i c h  gamut o f  hippocampal slow waves. These waves were present p a r t i c -  

u l a r l y  in leads p r i m a r i l y  located i n  the d e n d r i t i c  zone o f  the pyramidal 

c e l l  layer from the f i r s t  moments of  exposure t o  the t e s t  s i t ua t i on .  By 

contrast ,  deeper regions o f  t h e  dentate fasc ia  and the subiculum t y p i c a l l y  

exh ib i t ed  " fast  desynchronized" a c t i v i t y  i n  i n t e r t r i a l  epochs a t  the same 

time as hippocampal d e n d r i t i c  zones showed a spectrum o f  high amplitude 

theta waves. Nevertheless, leads e x h i b i t i n g  much f a s t  a c t i v i t y  dur ing 

i n t e r t r i a l  epochs showed a t y p i c a l  6 cycles per second theta b u r s t  dur ing 

discr iminat ion,  and a l s o  f requent ly a 4 t o  5 cycles per second t r a i n  dur ing 

o r i e n t a t i o n  (Fig. 1).  

The p o s s i b i l i t y  o f  r e l a t i n g  such hippocampal EEG a c t i v i t y  t o  f i n e r  

shades of behavioral responsiveness w i l l  be discussed fu r the r  below, but  

i t  may be pointed out t h a t  much continuous theta a c t i v i t y  occurred i n  leads 

i n  hippocampal dendr i t i c  zones f r o m  the e a r l i e s t  exposure t o  the t e s t  

s i t ua t i on ,  as a co r re la te  o f  the a ler ted state.  Our f ind ings do not  

support the view tha t  the waves i n  these regions a r i s e  secondari ly t o  the 

development o f  an o r i e n t i n g  r e f l e x ,  f o l l ow ing  an i n i t i a l  per iod i n  which 

responses t o  unfami 1 i a r  stirnul i are character ized by desynchronization and 

disappearance of slow waves (Grastyan, 1959). Ei possible s o l u t i o n  t o  these 

seemingly incompatible f ind ings may l i e  i n  evaluat ion o f  regional d i s t r i -  

but ion o f  theta wave t ra ins,  by taking more c r i t i c a l  account than has been 

customary o f  exact recording s i t e s  w i t h i n  the hippocampus. 

Since there i s  considerable evidence t h a t  extensive hippocampal lesions 
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i n te r fe re  w i t h  learning and learned performance i n  animals and man (Adey, 

1961 ; Barb i t e t ,  1963; Drachrnan and Ommaya, 1964), we have examined the 

e f f e c t s  of a les ion i n  one p a r t  of the hippocampus on e l e c t r i c a l  a c t i v i t y  

i n  other par ts  o f  the structure,  and sought changes i n  learned performances 

a f t e r  small b i l a t e r a l  hippocampal e l e c t r o l y t i c  lesions (Porter, Adey and 

Brown, 1964). To t h i s  end, an array o f  s i x  p a r a l l e l  electrodes 1 mm apar t  

was implanted i n  the hippocampal arch on each side i n  the cat .  This permit ted 

dest ruct ion o f  the hippocampal arch by e l e c t r o l y s i s  through one p a i r  o f  

electrodes, leaving the remainder undisturbed f o r  cont inuing r e g i s t r a t i o n  

o f  e l e c t r i c a l  a c t i v i t y .  Behavioral t r a i n i n g  was i n  a modif ied T-maze w i t h  

I 

I 
I 
I 

approach t o  a concealed food reward on the basis of a v isual  cue (1 ight-dark 

d iscr iminat ion) .  

dur ing behavioral performance were prepared from 40 d a i l y  t r i a l s .  

var ied i n  s i ze  fran less than 1.0 cmm t o  zones extending 4 t o  5 mm 

the hippocampal arch and a s i m i l a r  distance along the structure,  b u t  even 

the largest  lesions were essen t ia l l y  confined w i t h i n  hippocampal structures.  

Computed averages o f  hippocampal e l e c t r i c a l  a c t i v i t y  

~ 

Lesions i 
across 

Passage o f  e l e c t r o l y t i c  current was accompanied by loca l  seizures and 

o f t e n  a l s o  i n  the con t ra la te ra l  hippocampus. Seizure discharge usual ly  

continued f o r  a few minutes a f t e r  cessation o f  current  f l o w  and was fol lowed 

by reduct ion o f  EEG amplitude i n  a l l  leads. Recovery o f  amplitude occurred 

a f t e r  24 hours i n  the contra la tera l  hippocampus, and i n  the i p s i l a t e r a l  

undamaged regions (Fig. 2). High frequency components i n  undamaged regions 

recovered more slowly f r o m  the adjacent i n j u r y  than the amplitude o f  the 

slow waves. 

les ion was complete a f t e r  about 1 week. 

Recovery o f  h igh frequency components began 3 days a f t e r  the 

Computed averages o f  e l e c t r i c a l  a c t i v i t y  accompanying the d i sc r im ina t i ve  



performance ref lected the e f f e c t s  o f  the lesion. 

was no synchronous slow wave a c t i v i t y ,  and only s l i g h t  increments in  ampli- 

tude occurred thereafter.  In p a r t l y  damaged regions, recovery o f  h igh 

frequency components was a l s o  detectable a few days a f t e r  the lesion. I n  

4 o f  7 animals, computed averages from surrounding undamaged areas showed 

increased amplitude, apparently a r i s i n g  i n  increased synchrony of slaw wave 

a c t i v i t y ,  and p e r s i s t i n g  f o r  several days a f t e r  the 

increased synchrony i n  the average d i d  not appear t o  r e l a t e  t o  t rans ient  

loss o f  h igh frequency components noted above. Amp1 tude, latency and 

durat ion o f  synchronous 6 cycles per second a c t i v i t y  i n  the averaged records , 

and the va r iab i  1 i t y  o f  these d a i l y  averages dur ing constant behavioral t e s t  

Within the lesion, there 

esion (Fig. 3 ) .  This 

condi t ions,  were not markedly changed by the e l e c t r o l y t i c  lesions. 

B i l a t e r a l  small lesions d i d  not i n  any way a l t e r  the co r rec t  d iscr imin-  

a t i v e  performance, even when tested only  10 minutes a f t e r  the lesion, and 

wh i l e  e l e c t r i c a l  a c t i v i t y  was general ly reduced and some abnormal spikes 

occurred. I f  the l es ion  produced cont inuing seizure a c t i v i t y ,  performance 

was a f fec ted  dur ing the per iod o f  e l e c t r i c a l  abnormality. Cue reversal and 

r e t r a i n i n g  were a l s o  tested before and a f t e r  lesions. 

7 cats was there a s i g n i f i c a n t  increase in  the number o f  t r i a l s  t o  reach 

a 90 per cent c r i t e r i o n  a f t e r  b i l a t e r a l  dorsal hippocampal lesions. I n  

t h i s  animal, cue reversal  was de l i be ra te l y  wi thheld before lesions were 

made. Another animal showed increased numbers o f  t r i a l s  t o  "unlearn" the 

d iscr iminat ion a f t e r  the lesions, and a s l i g h t  increase i n  the number o f  

t r i a l s  t o  reach c r i t e r i o n  i n  re t ra in ing.  In summary, there was l i t t l e  e f f e c t  

o f  l i m i t e d  b i l a t e r a l  hippocampal lesions on r e t e n t i o n  o f  a learned habi t ,  

or a b i l i t y  t o  acquire a new habi t .  

I n  only one o f  
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These findings are in striking contrast to the severe but temporary 

changes in hippocampal EEG and performance capability following subthalamic 

lesions, but not lesions of similar size in overlying thalamic tissue 

(Adey, Walter and Lindsley, 1962). Hippocampal theta trains at 6 cycles 

per second were absent or grossly modified during the period of impaired 

performance. Absence o f  normal theta activity following such diencephalic 

lesions emphasizes the significance of such hippocampo-diencephalic and 

-mesencephalic connections, both in relation to performance capability and 

in the genesis of the hippocampal theta activity as a correlate of 

behavioral performance. 

depend not only on integrity of the septum (Green and Arduini, 1954) but 

also on these more caudal zones of the subthalamus. 

2. 

Normal patterns of theta activity thus appear to 

Effects of psychotomimetic and hallucinoqenic aqents on the 

hippocampal system. 

Previous studies have indicated the hippocampal system as a prime site 

of action for psychotomimetic cyclohexamines (Adey and Dunlop, 1960; Monroe 

and Heath, 1961) and ha1 lucinogenic amides (LSD-25, psi locin and psilocybin), 

with decrements in performance associated with propagation of drug-induced 

seizure discharges into subcortical and sensory cortical systems (Adey, 

Bell and Dennis, 1962). 

More recent studies have shown that effects of LSD (7% g/kg) in 

single doses, at intervals of not less than 3 weeks, persist for many 

days after the drug, at times when all aspects of seizure discharge have 

subsided, and baseline EEG appears identical with predrug records. 

Computed averages of rhythmic 6 cycles per second hippocampal and 

entorhinal wave trains during approach performance showed increased 
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amplitude and regu la r i t y ,  maximal about 4 days a f t e r  LSD, and decaying t o  

con t ro l  leve ls  a f t e r  5 t o  7 days (Fig. 4) (Adey, Porter, Walter and Brown, 

1365). Midbrain r e t i c u l a r  a c t i v i t y  showed only minor changes over the 

same period. 

I t was noted tha t  s ing le doses o f  these drugs were followed by a 

substant ia l  d i s i n h i b i t i o n  o f  i n h i b i t e d  o r i e n t i n g  behavior i n  the t e s t  

s i t ua t i on .  Or ient ing behavior present dur ing i n i t i a l  exposures i n  the t e s t  

s i t ua t i on ,  and i n h i b i t e d  i n  the course of t r a in ing ,  was dramat ical ly 

reestabl ished fol lowing s i n g l e  doses o f  LSD. 

t o  study aspects o f  hippocampal a c t i v i t y  t ha t  might accompany o r i e n t i n g  

behavior, and t o  t e s t  e f f e c t s  of LSD and cyclohexamines on EEG a c t i v i t y  

dur ing o r ien ta t i on .  

An attempt was therefore made 

3. Comparison of EEG patterns in  o r i e n t i n q  and d iscr iminat ive behavior. 

The uniqueness o f  the o r i e n t i n g  r e f l e x  res ts  on c e r t a i n  "pr inciples" 

i n  the int imate behavior of i t s  component ref lexes, inc lud ing t h e i r  

non -spec i f i c i t y  w i t h  respect t o  both q u a l i t y  and i n t e n s i t y  of the stimulus, 

and the s e l e c t i v i t y  o f  e x t i n c t i o n  of  various proper t ies o f  the st imulus 

w i t h  repeated presentat ion (Sokolov, 1963; Vinagradova, 1961). 

A s p e c i f i c  re la t i onsh ip  between hippocampal theta wave t r a i n s  and 

o r i e n t i n g  behavior has been postulated (Grastyan, 1959; Grastyan, e t  a l . ,  

1959). However, the exqu is i t e  p l a s t i c i t y  o f  hippocampal theta rhythms i n  

changing behavioral states, including the appearance o f  bursts of waves in  

a narrow spectral  range dur ing performance of a v isual  d iscr iminat ive task, 

have suggested more subt le and spec i f i c  re la t i ons  t o  d iscr iminat ive 

functions and judgment c a p a b i l i t y  (Adey, 1965; Adey, Dunlop and Hendrix, 

1960; Adey, B e l l  and Dennis, 1962; Adey, Walter and Lindsley, 1962). 



-9- 

Raduiovazki and Adey (1965) dist inguished three basic states i n  

hippocampal EEG a c t i v i t y  i n  the cat; i n  a l e r t  but  non-performing animals, 

i n  the course of discr iminat ive performance, and during o r i e n t i n g  behavior. 

A l e r t  bu t  nonperforming animals exhibi ted a wide spectrum of "theta" waves 

i n  the range 3 t o  7 cycles per second on f i r s t  in t roduct ion i n t o  the t e s t  

s i t ua t i on ,  wi thout  over t  aspects of o r i e n t i n g  behavior. 

pe rs i s ted  i n  EEG epochs between d iscr iminat ive and o r i e n t i n g  t r i a l s  

throughout many months o f  t ra in ing.  

theta waves regular ized a t  6 cycles per second, as described above. 

averages i n  o r i e n t i n g  t r i a l s ,  given i n  the same number on each t e s t  day 

and randomly interspersed w i t h  t h e  d i sc r im ina t i ve  t r i a l s ,  showed slower and 

less regular averages a t  4 t o  5 cycles per second (Fig. 5). 

This a c t i v i t y  

During T-box d iscr iminat ive performance, 

Computed 

Single doses of LSD-25 were followed by prolonged d i s i n h i b i t i o n  o f  

i n h i b i t e d  o r i e n t i n g  behavior, and by the gradual appearance o f  a regular 

EEG average dur ing or ientat ions 5 to  10 days a f t e r  the drug, and dec l i n ing  

a f t e r  15 to 20 days, concurrent ly wi th  the decl ine o f  o r i e n t i n g  behavior. 

S im i la r  but  accelerated changes i n  EEG and behavior were induced by a 

psychotomimetic cyclohexamine, CL-400. 

EEG pat terns s e n s i t i v e l y  r e f l e c t  a repe r to i re  o f  behavioral responses, 

I t  i s  concluded tha t  hippocampal 

t y  as an accompaniment o f  a wide rather  than exh i b i t i ng non-spec i f i c  

repe r to i re  o f  s p e c i f i c  ref lexes. 

The sens i t i v  i t y  of neuroelec tr c processes i n  the hippocampus t o  subt le 

s h i f t s  i n  cerebral states, and indicat ions tha t  hippocampal theta a c t i v i t y  

dur ing d i sc r im ina t i on  has the cha rac te r i s t i cs  o f  a "pacemaker," w i t h  

fragmentary and less regular rhythms i n  midbrain r e t i c u l a r  formation, 

subthalamus and primary sensory c o r t i c a l  areas, have suggested t h a t  



-10- 

deposi t ion o f  a "memory trace" i n  extrahippocampal systems may depend on 

such wave t ra ins;  and subsequent reca l l ,  on the stochast ic reestablishment 

o f  s i m i l a r  wave patterns (Adey and Walter, 1963). 

I n  cont inuing studies (Elarar and Adey) , s p e c i f i c a t i o n  o f  i n t e r r e l a t i o n s  

between the hippocampal EEG and a c t i v i t y  i n  the subthalamus, midbrain 

r e t i c u l a r  formation and v i sua l  cortex i s  being undertaken by canprehensive 

spect ra l  analysis (Walter and Adey, 1965 a and b). 

occur between hippocampal and subcort ical  leads, as w e l l  as w i t h  c o r t i c a l  

leads, dur ing discr iminat ion.  These h igh coherences may occur a t  frequen- 

c ies higher than the theta range, a t  frequencies between 12 and 20 cycles 

per second. 

spread coherent re la t ionships b u t  d i f f e r i n g  in  d i s t r i b u t i o n  from those 

dur ing d iscr iminat ion.  Differences i n  coherence levels  have a l s o  been 

detected between co r rec t  and i ncorrec t dec i s  ions. 

High leve ls  o f  coherence 

Analyses during o r ien t i ng  behavior have a l s o  produced wide- 

4. Hippocampal impedance measurements dur inq a c q u i s i t i o n  of a learned 

d i sc r im ina t i ve  habi t .  

Disclosure o f  pat terns i n  cerebral slow waves consis tent ly  re la ted  t o  

the performance o f  d iscr iminat ive tasks suggested the possible importance 

o f  monitor ing concurrent changes i n  funct ional  s t a t e  in the cerebral t issue 

generating these waves. We have used impedance measurements i n  r e s t r i c t e d  

volumes o f  t issue i n  hippocampus, septum, amygdala and r e t i c u l a r  formation 

to  provide a ser ies o f  corre la tes with states o f  t issue e x c i t a b i l i t y ,  and 

have sought changes r e l a t i n g  t o  acqu is i t i on  of learned behavior (Adey, Kado 

and Didio, 1962; Adey, Kado, D i d i o  and Schindler, 1963). The l a t t e r  may not 

manifest themselves as c l e a r l y  i n  aspects o f  ongoing e lect rophys io log ica l  

a c t i v i t y  presumably involved i n  transactional mechanisms, as i n  other more 
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subt le  measures capable of reveal ing changes i n  t i ssue s tates r e l a t i n g  t o  

the storage of information. i n  pa r t i cu la r ,  there i s  the p o s s i b i l i t y  t ha t  

these storage mechanisms may not l i e  exc lus ive ly  w i t h i n  the neuronal 

compartment, bu t  t ha t  enveloping neuroglia may a l s o  be involved. 

With mic rovo l t  s ignals a t  1000 cycles per second appl ied through 

ch ron ica l l y  implanted coaxial  electrodes i n  volumes o f  cerebral  t issue 

about 1.0 cmm, i t  was found tha t  a t  chance leve ls  o f  performance i n  a 

modified T-box w i t h  v i sua l  cues, separate computed averages o f  hippocampal 

impedance dur ing co r rec t  and incorrect  responses showed only  i r regu la r  

dev iat ions around the baseline. A t  intermediate performance levels, a 

deep t rans ien t  f a l l  of  2.0 t o  6.0 per cent o f  the basel ine value immediately 

fo l lowed presentat ion o f  the t e s t  s i tua t ion ,  and pers is ted  beyond completion 

of the task. 

basel ine i n  some cases, w i t h  slow re tu rn  t o  the preapproach leve l  a f t e r  G 

t o  8 seconds. 

ab le  over t ra in ing  (Fig. 6 ) .  

these responses, which reappeared with re t ra in ing .  No basel ine impedance 

s h i f t s  were seen i n  these hippocampal impedance records dur ing acqu is i t i on  

o r  e x t i n c t i o n  o f  the discr iminat ion.  

I t has been suggested by Jasper (1965), t ha t  these impedance changes 

I t  was fol lowed by a slow r i se ,  exceeding 8.0 per cent of 

This "evoked" response pers is ted  undiminished w i t h  consider- 

Ex t i nc t i on  o f  the learned h a b i t  abolished 

provide a measure o f  "the simple amount of a c t i v i t y , "  and are no t  c r i t i c a l l y  

re la ted  t o  any obscure molecular change i n  learning. I f  t h i s  were the 

case, i t  would be necessary t o  take account o f  the r e l a t i v e  magnitude o f  

impedance s h i f t s  i n  s i t ua t i ons  where the r e l a t i v e  amounts o f  neuronal 

a c t i v i t y  can be spec i f ied  w i t h  reasonable r e l i a b i l i t y .  Such s i t ua t i ons  

are few, bu t  i t  may be noted parenthet ical  l y  t ha t  the magnitude o f  the 
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I 
impedance change accompanying a learned response (approximately 15 Per cent 

, 
I o f  basel ine peak-to-peak) i s  of the same order as tha t  seen in  spreading 

depression, associated w i t h  a massive depolar izat ion of a l l  neuronal 

~ 

elements in  the population, and possibly invo lv ing neurogl ia l  elements i n  
l 

a s i m i l a r  process (Weiss, Kado and Adey, 1964). Yet the neuronal duty 

cycle, and thus the propor t ion o f  t ime per neuron spent in a depolarized 

state,  i s  subs tan t ia l l y  less i n  the learned response than i n  spreading 

depression. 

More d i r e c t  evidence of  the qua l i t a t i ve ,  as wel? as quant i ta t ive,  

re la t ionsh ip  of impedance changes t o  the condi t ional  response has come 

from a study o f  impedance s h i f t s  i n  amygdala, hip2ccampus and midbrain 

r e t i c u l a r  formation. Computed averages have been made o f  impedance records 

from these three s t ructures f o r  f i v e  days' t ra in ing ,  each involv ing t h i r t y  

t r i a l s  i n  a paradigm w i t h  consecutive presentat ion o f  an a l e r t i n g  stimulus, 

then o r ien ta t i on  t o  the tes t  s i tuat ion,  followed by a d iscr iminat ive 

performance. These computed averages were made a t  chance performance level ,  

a t  c r i t e r i o n ,  immediately fo l low ing  cue reversal,  and i n  the course o f  

r e t r a i n i n g  (Mcl lwain, Kado and Adey, i n  preparation). 

covered an 8 second epoch, w i t h  approximately 1.5 seconds between 

presentat ion of the three successive s t imu l i .  I n  a l l  three structures,  

there was a progressive decrease i n  variance i n  basel ine impedance i n  the 

course o f  t r a i n i n g  to a h igh performance level.  

reversal,  variance throughout the epoch again increased sharply, bu t  

declined w i t h  r e t r a i n i n g  i n  the new paradigm. 

a learned response were larger  and more consistent i n  the hippocampus than 

in  the midbrain r e t i c u l a r  formation (Fig. 7). 

Computer analysis 

Immediately a f t e r  cue 

Impedance responses dur ing 

Or ient ing behavior was 
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associated w i t h  larger impedance responses i n  midbrain r e t i c u l a r  formation 

than i n  the hippocampus. No consistent impedance responses were detected 

i n  the amygdala dur ing o r ien t i ng  or d iscr iminat ive behavior. Reversal of 

behavioral cues a t  f i r s t  exaggerated hippocampal impedance responses, 

which decl ined on subsequent t ra in ing  days, bu t  reappeared on reattainment 

of h igh performance levels. 

5. A consideration o f  the nature o f  cerebral impedance responses. 

The foregoing account has indicated q u a l i t a t i v e  and quant i ta t i ve  

aspects o f  impedance changes tha t  are both reg iona l l y  determined and 

c r i t i c a l l y  dependent on levels of  t ra in ing. 

t o  r e l a t e  simply t o  the amount of a c t i v i t y  i n  the pa r t i cu la r  t issue, and 

even i f  i t  be argued tha t  they re la te  t o  ion ic  sh i f t s  w i t h i n  cerebral 

compartments (Jasper, 1965), i t  is obviously necessary that  we seek an 

understanding o f  underlying mechanisms, which may involve m a c r m l e c u l a r  

systems. We have previously discussed impedance current  f low i n  a 

tricompartmental model, w i t h  neuronal, neurogl ia l  and ex t race l l u la r  

compartments (Adey, Kado, Did io  and Schindler, 1963). The neurogl i a l  

compartment, essent ia l l y  enclosing the neurons in  many areas, may be 

regarded as intervening between t h e  neuron and the blood vascular system 

i n  metabolic exchanges, and as forming a micrometabolic module o f  neuronal 

and neurogl i a l  elements (Barrnett,  1963; Hyd6n and Egyhazi, 1962). 

Preferred current  pathways would l i e  i n  low resistance shunt paths i n  the 

ex t race l l u la r  space and i n  neuroglia, rather than through neurons. There 

impedance responses may occur i n  non-neuronal compartments, including 

neuroglia. 

They ce r ta in l y  do not appear 

The evidence suggests tha t  impedance responses r e f l e c t  changes i n  
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i n t r i n s i c  cha rac te r i s t i cs  o f  cerebral t issue, ra ther  than r e l a t i n g  d i r e c t l y  

t o  such fac to rs  as cerebral blood f l o w  or blood pressure (Adey, Kado and 

Walter, 1965). 

diox ide leve ls  than t o  vascular factors. 

produced may undergo conversion t o  carbonic ac id  i n  the presence o f  carbonic 

anhydrase. 

Obviously, these ion i c  s h i f t s  may be con t ro l l ed  by other more canplex 

factors, and the not ion t h a t  carbon dioxide may be the u l t ima te  a r b i t e r  

should be t reated caut iously.  

These changes may r e l a t e  more c lose ly  t o  t issue carbon 

Carbon dioxide metabol ica l ly  

This react ion may occur w i th in  the neurogl ia l  compartment. 

More e x p l i c i t  evidence on the r o l e  o f  the neuronai content o f  cerebral 

t issue i n  these evoked impedance responses has been gleaned from studies 

in  the c a t  (HacGil l ivray, Kado and Adey, 1965). Ethyl  a lcohol  a t  blood 

leve ls  up t o  240 mg/100 m l  produced lowered resistance and increased 

capacitance i n  amygdala, hippocampus and l a t e r a l  geniculate body of the 

cat .  

populat ion i n  the l a t e r a l  geniculate body, alcohol  no longer produced the 

c h a r a c t e r i s t i c  response i n  the degenerated t issue (Fig. 8). 

d i f f e r e n t i a l  responsiveness between normal and degenerated geniculate 

t issue occurred w i t h  a psychotomimetic cyclohexamine drug. 

thus suggests t h a t  a normal neuronal populat ion i s  essent ia l  t o  the 

impedance responses. 

elements makes i t  u n l i k e l y  tha t  they a re  the s i t e  of changed conductance 

d i sce rn ib le  i n  measurements across the t issue as a whole, the question thus 

Fol lowing retrograde degeneration o f  about 80 per cent o f  the neuronal 

S im i la r  

The evidence 

S i nce the r e  l a  t ive 1 y h i gh impedance o f  neurona 1 

a r i ses  as t o  whether neurons may exercise a c o n t r o l l i n g  inf luence on 

conductance cha rac te r i s t i cs  i n  the i r  environment, invo lv ing e x t r a c e l l u l a r  

f l u i d  and neurogl ia l  envelopes. 
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While i t  would be easy t o  dismiss the e x t r a c e l l u l a r  compartment as a 

mere bucket o f  sal ine,  i f  our notions of cerebral organizat ion required i t  

merely t o  contr ibute sodium or  other cations, a t t e n t i o n  has recent ly  been 

focused on i t s  content of mucopolysaccharide mater ia l ,  which m y  e x h i b i t  

considerable organizat ion i n  the arrangement of these large molecules. 

are capable of modulating and c o n t r o l l i n g  rates o f  ion ic  movements through 

t h i s  compartment. 

types and loca t ion  o f  t h e i r  sugar molecules i n  mental d isorders (Barker, 

Bayyuk and Stacey, 1962). 

t i ssue has long been recognized, but t h e i r  funct ional  s ign i f icance,  and tha t  

o f  the e x t r a c e l l u l a r  canpartment generally, has received l i t t l e  a t ten t i on ,  

6. Hippocampal orqanizat ion as a model of cerebral  processes i n  a t t e n t i o n  

They 

They have been shown t o  be chemically disarranged i n  the 

Thei r  presence i n  ground substance o f  b ra in  

and learninq. 

We may conclude tha t  hippocampal p a r t i c i p a t i o n  i n  learn ing involves 

establishment o f  funct ional  pat terns w i t h  subcor t ica l  structures,  and thus, 

w i t h  diencephalocort lcal  paths involved i n  sensory systems. The degree o f  

these in te r re la t i ons  appears t o  change sub t l y  and s w i f t l y  from moment t o  

moment.  Assessed on the basis o f  simultaneous EEG records from hippocampal 

and extrahippocampal structures,  analyzed w i t h  such techniques as are 

cu r ren t i y  ava i lab le  f o r  de tec t ion  of l i n e a r l y  shared spect ra l  components, 

we have glimpsed some o f  the p l a s t i c  and canplex pat terns character iz ing 

a l e r t i n g ,  o r i en t i ng  and d isc r im ina t ive  behavior (Adey and Walter, 1963; 

RadulovaEki and Adey, 1965; Walter and Adey, 1963; Walter, 963; Walter 

and Adey, 1965 a and b) .  Within the hippocampus, a t  l eas t  pat terns o f  

theta a c t i v i t y  establ ished i n  the course o f  t r a i n i n g  exhib t increasing 

regu la r i t y ,  and t h e i r  reestablishment w i t h  each behavioral performance has 

I 
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a degree o f  p r o b a b i l i s t i c  sca t te r  suggesting t h e i r  organizat ion on a ' bes t  

f i t ' '  basis. Do these wave patterns, then, under l ie  the i n i t i a l  deposi t ion 

of informat ion i n  cerebral  t issue, and i s  i t s  subsequent r e c a l l  dependent 

on the reestablishment o f  a pat tern o f  waves t o  which the neuron had been 

I p rev ious ly  exposed? The ef fect iveness o f  these subsequent wave patterns 
I 

i n  e l i c i t i n g  neuronal f i r i n g  might depend on t h e i r  m u l t i v a r i a t e  re la t i onsh ip  

to an "optimal" wave pattern,  capable o f  inducing f i r i n g  o f  t ha t  neuron a t  

i t s  lowest threshold. 

Evidence tha t  these wave processes recorded grossly r e f l e c t  an i n t r a -  

c e l l u l a r  wave phenomenon having s imi la r  frequency cha rac te r i s t i cs  has been 

found by F u j i t a  and Sat0 (1964) i n  hippocampal theta t ra ins,  and i n  

neocor t ica l  neurons by Creut t fe ld t ,  Fuster, Lux and Nacimiento (1964) and 

by E l u l  (1964). 

recorded gross ly  and the i n t r a c e l l u l a r  waves, t h e i r  mathematical coherence 

i s  low. This has suggested t h a t  the surface EEG may a r i s e  i n  a populat ion 

o f  intraneuronal generators as the normal d i s t r i b u t i o n  ensuing from t h e i r  

combined a c t i v i t y  i n  a non- l inear ly  re la ted  fashion, i n  accordance w i t h  

the cent ra l  l i m i t  theorem o f  s t a t i s t i c s  (Cramer, 1962). I n  such a scheme, 

i t  would be an t ic ipa ted  tha t  the frequency cha rac te r i s t i cs  o f  ind iv idua l  

generators would r e l a t e  s t rongly  t o  the gross EEG, b u t  tha t  phase re la t i ons  

would be lost in  the process o f  sumnation. The no t ion  tha t  theta wave 

pat terns are  i nd i ca t i ve  o f  hippocampal i n h i b i t i o n  i s  d i f f i c u l t  t o  support 

from the concomitant u n i t  f i r i n g  noted by F u j i  t a  and Sato (1964), and the 

evidence f o r  E P S P  a c t i v i t y ,  ra ther  then I P S P ,  i n  the course of theta waves. 

E l u l  has noted that, despite s i m i l a r  spectra i n  the EEG 

A t  l eas t  through the window o f  a microelectrode w i t h i n  the body of 

the c o r t i c a l  neuron, f i r i n g  t o  produce a propagated spike i s  not a regular 
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c o n c a i t a n t  of the depolar iz ing phase o f  the i n t r a c e l l u l a r  waves, even 

where t h i s  exceeds the threshold level  f o r  f i r i n g  i n  some cases (Adey and 

E l u l ,  1965). 

thus appear t o  involve processes that  may occur i n  p a r a l l e l  in ind iv idua l  

neurons, and may bear non-linear i n te r re la t i ons  t o  one another. 

The i n t r a c e l l u l a r  wave and i n i t i a t i o n  o f  a propagated impulse 

We have thus come to recognize the c r  i t i c a l  d i f fe rence between the 

sensing o f  phys io log ica l  processes tha t  r e l a t e  t o  transmission and trans- 

ac t i on  of information, as opposed to  i t s  storage. 

emphasized the pecu l i a r  nature o f  cerebral c e l l u l a r  organization, epitomized 

i n  many aspects by the hippocampus; a dendr i t i c  t ree  subs tan t i a l l y  larger  

than the volume o f  the c e l l  body, overlapping and perhaps phys i ca l l y  

contiguous w i th  those of neighboring neurons; a neurog l ia l  compartment 

in t imate iy  involved i n  neural metabolic exchanges; and an e x t r a c e l l u l a r  

compartment disposed between neuronal and neurog l ia l  elements and charac- 

te r ized  by a substant ia l  content o f  macromolecules. 

These studies have 
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Leqends t o  Fiqures 

Fig. 1. Typical EEG t racings i n  cont ro l  records (A) and on days a f t e r  

a psychotomimetic cyclohexamine (8) dur ing T-maze d isc r im ina t ive  responses 

( l e f t )  and o r ien t i ng  responses ( r igh t ) .  

moment o f  behavioral presentation, inc lud ing onset o f  500 cycles per second 

tone. A f t e r  drug, r e g u l a r i t y  of 6 cycles per second a c t i v i t y  was enhanced 

dur ing discr iminat ion,  and i n  or ien t ing  responses, slower wave t ra ins  were 

a l so  enhanced. Note leads exh ib i t i ng  much f a s t  a c t i v i t y  dur ing i n t e r t r i a l  

epochs ( t r i a l  24, 5-6, 12-13) which changed t o  6 cycles per second "theta" 

a c t i v i t y  dur ing discr iminat ion,  and a 4 t o  5 cycles per second t r a i n  dur ing 

o r ien ta t i on  (see text ) .  (From Radulovazki and Adey, 1965). 

Ver t i ca l  bar 1 ine indicates 

Fig. 2. B ipo lar  EEG records from a ser ies o f  c lose ly  spaced leads i n  

r i g h t  and l e f t  dorsal hippocampi during performance o f  the d isc r im ina t ive  

task on s i x  d i f f e r e n t  days, showing changes produced by e l e c t r o l y t i c  

lesions a t  LDH 2, 3 and 4 and a t  RDH 5 and 5 .  

Brown, 1964). 

(From Porter, Adey and 

Fig. 3 .  Comparison o f  computed averages o f  40 d a i l y  t r i a l s  from a 

b ipo la r  channel adjacent t o  e l e c t r o l y t i c  les ion  on nine consecutive days 

before and a f t e r  production o f  small regions o f  damage i n  both hippocampi, 

showing t rans ient  increase i n  synchrony. For both series, behavioral 

performance remained between 85 and 100 per cent correct .  

Adey and Brown, 1964). 

(From Porter, 

Fig. 4. Computed averages o f  epochs o f  l e f t  and r i g h t  hippocampal 

EEG records during approach performance on days before LSD (A), the day 

o f  LSD dosage (B) , and days a f t e r  LSD (C) . There was an increase i n  the 



amplitude and r e g u l a r i t y  o f  the averages fo l iow ing  LSD. 

3 days a f t e r  the drug (C, 2/1/63), and decl ined thereafter.  

Porter, Walter and Brown, 1965). 

This maximized 

(From Adey, 

Fig. 5. E f fec ts  of a s ing le  dose o f  LSD on hippocampal EEG, w i t h  

t y p i c a l  augmentation o f  d isc r im ina t ive  averages from t h i r d  t o  tenth day 

a f t e r  drug (A). I n  s imi l a r  averages of o r i e n t i n g  responses (e), a more 

regular  average appeared about the tenth day (3/14/64), and pers is ted  f o r  

approximately 10 days, b u t  was cons is ten t ly  slower than averages dur ing 

d isc r im ina t ion  (see text ) .  (Fran RadulovaEki and Adey, 1965). 

Fig.  6. Development o f  r e g u l a r i t y  i n  EEG wave t r a i n s  and appearance 

of impedance responses i n  hippocampus dur ing acqu is i t i on  o f  v isua l  discrim- 

i na t i ve  performance i n  modif ied T-maze. Computed averages o f  EEG records 

(A) a t  chance levels/performance were essen t ia l l y  i r regu la r ;  showed some 
o f  

r e g u l a r i t y  a t  80 per cent correct ;  and sustained r e g u l a r i t y  a t  100 per cent. 

Impedance records a t  the same levels  o f  t r a i n i n g  (B) i n i t i a l l y  showed 

only i r regu la r  perturbat ions;  a t  80 per cent a small f a l l  a t  the s t a r t  of 

the performance fol lowed by a r i se ;  and a t  100 per cent a profound f a l l ,  

ou t l as t i ng  the performance. 

i s  biphasic and las ts  about 5 seconds. 

I n  i t s  f u l l  con f igura t ion  (C), the response 

Approach t o  food l a s t s  about 1.5 

seconds. 

Fig. 7. Impedance measurements a t  1000 cycles per second, made i n  

approximately 1.0 cmn o f  hippocampal t issue, when the c a t  was f u l l y  

t ra ined (A) , immediately a f t e r  cue reversal  (B), and i n  the course o f  

r e t r a i n i n g  a f t e r  cue reversal  (C ) ,  Each graph shows 3 traces, the mean 



and upper and lower limits of variance. Each average was prepared from 

5 days' training, with 30 trials daily. Vertical bars indicate successive 

presentations of tone, visual cues and opportunity to approach food. There 

was a marked increase in variance throughout analys 

reversal Variance decreased with retraining (8). 

response during discrimination, amounting to about 

impedance at 100 per cent performance, waned follow 

s epoch following cue 

"Evoked" impedance 

0 per cent of baseline 

ng cue reversal, but 

was reestablished with retraining (C). A t  100 per cent performance (A) 

variance in capacitive lead declined progressively from moment tone was 

presented to commencement of approach and remained narrow throughout 

remainder of analysis. 

ation were seen in similar analyses from midbrain reticular formation or 

amygdala (see text). (From Mcl Iwain, Kado and Adey, in preparation). 

No comparable "evoked" responses during discrimin- 

I 

L-cl 
Fig. 8. Resistive and capacitive changes in the degenerated (right) 

and normal ('left) lateral geniculate body in the cat following infusion 

of ethyl alcohol. Blood alcohol 30 minutes after infusion was 230 mg/iOO ml. 

Note the absence o f  response on the ablated side. Solid line, effects of 

alcohol; dashed line, control injection of Ringer lactate solution used 

as vehicle for alcohoi. Infusion began at vertical line. bbreviations: 

A.L.G., coaxial electrode in anterior region of  lateral gen culate nucleus; 

P.L.G., coaxial electrode in posterior (cellular) region of lateral 

geniculate. (From MacGi 1 1  ivray, Kado and Adey, 1965). 


